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Flexible textile composites like woven Kevlar fabrics are widely used in high velocity impact (HVI) appli-
cations. Upon HVI they are subjected to both longitudinal tensile and transverse compressive loads. To
understand the role of transverse properties, the single ﬁber and tow transverse compression response
(SFTCR and TTCR) of Kevlar KM2 ﬁbers are numerically analyzed using plane strain ﬁnite element (FE)
models. A ﬁnite strain formulation with a minimum number of 84 ﬁnite elements is determined to be
required for the ﬁber cross section to capture the ﬁnite strain SFTCR through a mesh convergence study.
Comparison of converged numerical solution to the experimental results indicates the dominant role of
geometric stiffening at ﬁnite strains due to growth in contact width. The TTCR is studied using a ﬁber
length scale FE model of a single tow comprised of 400 ﬁbers transversely loaded between rigid platens.
This study along with micrographs of yarn after mechanical compaction illustrates ﬁber spreading and
ﬁber–ﬁber contact friction interactions are important deformation mechanisms at ﬁnite strains. The TTCR
is also studied using homogenized yarn level models with properties from the literature. Comparison of
TTCR between ﬁber length scale and homogenized yarn length scale models indicate the need for a non-
linear material model for homogenized approaches to accurately predict the transverse compression
response of the fabrics.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Kevlar aramid ﬁbers based on poly (para-phenylene terephthal-
amide) (PPD-T) (Yang, 1993) are widely used in high velocity im-
pact (HVI) applications such as soft body armor (Kim et al., 2008)
and gas turbine engine containment system (Sharda et al., 2006)
due to their high speciﬁc strength, modulus and energy absorbing
properties. Other applications include ropes and cables, tires and
rubber goods (Yang, 1993), aerospace (DuPont, 2013) and cut-
resistant clothing (Yang, 1993). Continuous ﬁbers are typically
used in the form of textile fabrics. The textile fabrics possess a hier-
archical structure with different length scales from ﬁbers to yarns
to woven fabrics. Textile fabrics can be woven from yarns in many
different styles (e.g. in Dong and Sun (2009) list ﬁve different styles
of plain woven Kevlar fabrics using different Kevlar ﬁbers with
their axial modulus). A yarn (tow) consists of a bundle ofminimally twisted individual ﬁbers with ﬁlament counts in the
range of 100–10,000 (e.g. a Kevlar KM2 yarn consists of 400 indi-
vidual ﬁlaments).This multiscale architecture as shown in Fig. 1
poses a challenge in modeling and predicting accurate mechanical
and impact behavior.
In the continuum ﬁnite element (FE) modeling space ﬂexible
Kevlar fabrics are modeled using various approaches such as ortho-
tropic continuum at yarn length scale (Duan et al., 2005; Rao et al.,
2009a), unit cell based homogenized model using membrane/shell
elements (Grujicic et al., 2010; Stahlecker et al., 2009) and multi-
scale global/local approach with yarn and fabric length scales
(Nilakantan et al., 2010; Rao et al., 2009b). For the yarn-level
models all the Poisson’s ratios are assumed to be zero and the
transverse modulus are assumed to be very small compared to
the longitudinal modulus to represent the thread like yarn
behavior (Gasser et al., 2000). These continuum approaches do
not accurately account for transverse compression response of
tows where ﬁber compression, ﬁber–ﬁber contact and friction
and ﬁber spreading within the tow are important physically
observed deformation mechanisms (Nilakantan, 2013).
Fig. 1. Optical images of Kevlar K706 fabric and yarn cross section with KM2 ﬁbers.
Fig. 2. Schematic of single ﬁber transverse compression.
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kinematical 3D beam model to represent deformation of the ﬁber
cross section considering contact and friction between the ﬁbers.
Wang et al. (2010) developed digital element method to simulate
the ballistic impact of textile fabrics wherein the yarn is repre-
sented as an assembly of digital ﬁbers using 1D rod elements con-
nected by frictionless pins. They used contact elements to model
contact between the ﬁbers, the contact stiffness for ﬁber–ﬁber
compression being calculated using the ﬁber transverse modulus.
They used 1, 7, 14 and 19 digital ﬁbers (diameters varied to con-
serve mass) to represent hundreds of ﬁbers in a yarn. They re-
ported convergence in the projectile displacement, residual
velocity and energy loss between 14 and 19 digital ﬁber models.
In their simulations fabric was impacted with a comparatively
large spherical projectile of 8 mm diameter which is one and two
orders of magnitude greater than the yarn cross section and ﬁber
diameter respectively. Rod elements do not account for the effect
of Poisson’s ratio hence growth in contact width and longitudinal
shear deformation cannot be modeled. Grujicic et al. (2012) em-
ployed 3D beam elements to model Kevlar KM2 ﬁbers with a user
deﬁned contact algorithm to specify the transverse properties
based on the experimental load displacement relation. Similar to
Wang et al. (2010) they used 1, 7, 14, 19, 24 and 30 ﬁbers to dis-
cretize the yarn. They report that ﬁber transverse properties, ﬁ-
ber–ﬁber and ﬁber–projectile friction plays a major role in the
penetration resistance and hence ballistic performance of the fab-
ric. None of these numerical approaches have been experimentally
validated through direct correlation with transverse compressive
loading of a single ﬁber. However, the actual multi-axial loading
and associated stress states and progressive failure of the individ-
ual ﬁbers within a yarn are expected to be complex due to ﬁber–ﬁ-
ber interactions, ﬁber spreading and ﬁber deformations that
develops through interactions between all 400 ﬁlaments. Therefore
a rod or beam element model with 19-ﬁbers may not be able to
capture all of the important ﬁber-level mechanisms.
In this work we focus on understanding the transverse mechan-
ical properties of ﬁbers and how these properties affect the ﬁber–
ﬁber deformations within a tow. The SFTCR of Kevlar ﬁbers has
been investigated by several researchers. Kawabata (1990) studied
transverse compression behavior of Kevlar 29, 49 and 149 ﬁbers of
diameters 13.8, 13.8 and 11.8 lm respectively. Singletary et al.(2000a,b) investigated 1.5 and 6.0 denier Kevlar 29 ﬁbers and
(Cheng et al., 2004) studied Kevlar KM2 ﬁbers of 12 lm diameter.
The experimental results reported by these researchers indicate ﬁ-
bers exhibit nonlinear and inelastic response under large compres-
sive strains. While Cheng et al. (2004) compared this nonlinear
behavior to the Mullin’s effect in rubber materials (Singletary
et al., 2000a), attributed the observed force deﬂection pattern for
staple ﬁbers as cracking within the ﬁber cross-section, followed
by closing of the cracks under compression that leads to the overall
inelastic response. They also hypothesized transverse yielding fol-
lowed by ﬁbrillation for the force deﬂection pattern observed for
1.5 denier Kevlar 29 ﬁbers. They also conducted FE simulation of
SFTCR in terms of stresses and force deﬂection and reported con-
vergence difﬁculties for nominal strains greater than 30% due to
element distortion. However they did not report on the contact
width predicted by their simulations with respect to changes in
mesh density.
The schematic of single ﬁber transverse compression is shown
in Fig. 2. The experiment involves compressing a single ﬁber
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and the platen displacement. Analytical linear elastic solutions for
the load displacement of SFTCR have been proposed by Jawad and
Ward (1978), Phoenix and Skelton (1974) and Cheng et al. (2004).
All three models essentially use the stress solution based on the
complex variable method proposed by M’Ewen (1949) for the
Hertzian contact problem with the assumption that the width of
the contact zone is very small compared to the dimensions of the
contacting body (radius of the ﬁber). Singletary et al. (2000a) re-
port that both the Jawad and the Phoenix models predict identical
stress distributions. The load displacement relationship derived by
Cheng et al. (2004) and Jawad and Ward (1978) for a transversely
isotropic ﬁber with no friction in the contact zone is given by Eqs.
(1) and (2) respectively.
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where,
F – load per unit length along the ﬁber longitudinal direction
d, u – platen displacement
r, R – radius of the ﬁber
b – contact half width
E1 –Young’s modulus in 1–2 plane
E3 – Longitudinal Young’s modulus
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v12
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; s13 ¼ v13E1 ; s33 ¼
1
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Nominal stress is deﬁned as the load per unit length divided by the
undeformed ﬁber diameter and nominal strain is deﬁned as the pla-
ten displacement divided by the undeformed ﬁber diameter. Hadley
et al. (1965) derived an expression for the contact half width b con-
sidering the change in curvature of the geometry from 1/r to zero at
the contact zone. The square of the contact half width is a linear
function of the force per unit length given by Eq. (3).
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The general approach adopted to estimate the transverse modulus
is to use the load–displacement measurements in conjunction with
the elastic small strain analytical solution based on the Hertzian
contact models between parallel plates (Hadley et al., 1965;
M’Ewen, 1949). Cheng et al. (2004) estimated an elastic modulus
of 1.34 ± 0.35 GPa based on an assumed in plane Poisson’s ratio of
0.24. Singletary et al. (2000a) estimated 2.45 ± 0.40 GPa for 1.5 de-
nier Kevlar 29 ﬁbers with an assumed in plane Poisson’s ratio of
0.43. The difﬁculty associated with the measurement of contact
width for smaller ﬁber diameters is noted in Cheng et al. (2004)
and Kotani et al. (1994). However for larger ﬁber diameters
(Pinnock et al., 1966) estimated the transverse elastic moduli and
Poisson’s ratio using the analytical solution for diametrical
compression (Timoshenko and Goodier, 1951) and contact width
(Hadley et al., 1965). Kotani et al. (1994) used both Eqs. (2) and
(3) independently to estimate the transverse moduli of various
polymer ﬁbers including Polyethylene terephthalate, polyethylene
and HBA–HNA with diameters in the range of 0.13–0.57 mm. They
showed good comparisons of the calculated transverse elastic mod-
uli of ﬁbers with larger diameters. However they noted for smaller
ﬁber diameters it is difﬁcult to measure the contact zones and
considered only the results of diametral compression for ﬁtting
the elastic constants. Alternatively, McAllister et al. (2012) charac-
terized the 3D properties of Kevlar KM2 using nanoindentationtechniques and considered the inﬂuence of ﬁbril level heterogeneity
on properties. They reported that the local compressive elastic
moduli were dependent on the number of ﬁbrils loaded by the
nano-indentor. Using this technique they measured a size-indepen-
dent value of 6.2 ± 1.0 GPa for the transverse modulus. In all of the
test methods, the observed force displacement behavior in trans-
verse compression can be a signiﬁcant energy absorption mecha-
nism in HVI applications.
The experimental data of Cheng et al. (2004) for Kevlar KM2 ﬁ-
ber is presented in Fig. 3(a) and compared with the analytical solu-
tion of nominal stress–strain response. Relatively good agreement
is seen up to approximately 0.1 nominal strain where some soften-
ing is observed. This is consistent with their measurement of resid-
ual transverse deformation starting at nominal strain level of
0.075. The corresponding contact half width is computed using
Eq. (3) for the range of E1 from 0.99 to 1.34 GPa (i.e. one standard
deviation) and is shown in Fig. 3(b). It is observed that even at very
small strains the assumption b r does not hold for the very small
ﬁber diameter under consideration. For example, b/r exceeds 10%
well within the elastic loading regime at a nominal strain level of
only 0.01.
Recognizing the importance of the transverse ﬁber and tow
properties for multiscale modeling, we numerically study the
SFTCR and TTCR using FE simulations of Kevlar KM2. The objective
of this work is to accurately model the ﬁnite strain response of the
single ﬁber under transverse compression using a total-Lagrang-
ian-based material model. A mesh convergence study is conducted
in terms of nominal stress strain, contact width and maximum true
compressive stress to determine the minimum number of ele-
ments required to represent the ﬁber cross section. The converged
numerical solutions are compared to the experimental results to
assess the importance of material softening (nonlinearity). A bot-
tom up approach is employed to study the TTCR at the ﬁber length
scale by explicitly modeling all the ﬁbers in a tow with contact
interactions between them. The TTCR is also studied at the yarn
length scale using homogenized properties from the literature.2. Single ﬁber transverse compression response (SFTCR)
A single Kevlar KM2 ﬁber is nominally 12 lm in diameter with a
density of 1.44 g/cm3. The plain woven K706 Kevlar fabric with
KM2 ﬁbers has 34 yarns per inch in both warp and weft directions
and each tow is comprised of 400 ﬁbers (Dong and Sun, 2009). The
SFTCR of Kevlar KM2 is studied using 2D plane strain FE model and
TTCR is studied by modeling 400 ﬁbers in a KM2 yarn. The ﬁbers
are modeled with transversely isotropic material properties (Cheng
et al., 2005) shown in Table 1 (ﬁber direction is the 3 direction). A
transverse modulus of 1.34 GPa estimated by Cheng et al. (2004)
by curve ﬁtting the small strain region of the experimental results
using Eq. (1) is used. Comparisons are made to the quasi-static
experimental nominal stress–nominal strain response reported in
Cheng et al. (2004, 2005). The following sections explain the FE
modeling and simulation results of SFTCR and TTCR with no strain
rate dependence.2.1. Finite element model for SFTCR
The minimum number of ﬁnite elements required to accurately
capture the SFTCR is determined through a mesh convergence
study by comparing the simulation results to the experimental
nominal stress–nominal strain response and also comparing the
contact width, internal stress states and sensitivity to friction coef-
ﬁcient between the models. The quarter symmetric FE model for
SFTCR shown in Fig. 4 is constructed using fully integrated 2D
plane strain elements (element formulation 13 in LS-DYNA) with
Fig. 3. (a) Smoothed experimental nominal stress–nominal strain [29] (b) Comparison of b/r for Kevlar KM2 using the range of E1 in the small strain regime.
Table 1
Transversely isotropic properties of Kevlar KM2 single ﬁber (Cheng et al., 2005).
q (g/cm3) d (lm) E1 (GPa) E3 (GPa) G13 (GPa) m31 m12
1.44 12.0 1.34 84.62 24.40 0.60 0.24
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platens. A 2D contact is deﬁned between the rigid platen and the
ﬁber with a coefﬁcient of friction of 0.2 (sensitivity to friction is
explained later) between the ﬁber and the platen. The upper platen
is prescribed with a constant velocity (monotonic loading) of
2.5 lm/s to compress the ﬁber. All simulations are conducted using
the commercial FE code LS-DYNA. A typical run time of 25 min is
elapsed with a double precision solver using 4 cpu cores in a Linux
Xeon64 environment. An elastic transversely isotropic behavior is
assumed for the ﬁber with material properties in Table 1 and the
platen is assumed to be a rigid material. Initial simulations using
an incremental hypoelastic material model (Hallquist, 2006) for
the ﬁber resulted in numerical instabilities for nominal strains
greater than 0.25. Therefore a total Lagrangian based material
model is used with material properties in Table 1 to predict ﬁnite
strain response in all the simulations discussed in this paper. This
constitutive model relates the second Piola–Kirchhoff stress S to
the Green–St. Venant strain E given by Eq. (4) (Hallquist, 2006).
S ¼ C  E ð4ÞFig. 4. SFTCR quarter symmetric FE model (number of elements are for fullC ¼ TtCLT ð5Þ
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where C is the global constitutive matrix, T is the transformation
matrix and CL is the constitutive matrix in material coordinate sys-
tem, F is the deformation gradient tensor. The Cauchy stresses are
then computed using Eq. (7).
2.2. Mesh convergence study
The discretization of the ﬁber cross section was varied from 48
to 336 elements and the results in terms of nominal stress–nomi-
nal strain, maximum true compressive stress and contact half
width with and without friction are shown in Figs. 5–7 respec-
tively. The difference in the maximum true compressive stress
with and without friction is less than 3% as shown in Fig. 6. Gridﬁber cross section) (a) 48 elements (b) 84 elements (c) 336 elements.
Fig. 5. Mesh convergence study nominal stress nominal strain (a) with l = 0.2 (b) l = 0.0.
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ror which takes into account the order (rate) of convergence. GCI is
a measure of the percentage of how much the computed quantity
deviates from the asymptotic numerical quantity. Smaller GCI indi-
cates the computed solution is in the asymptotic range. For details
on this method the reader is referred to Slater (2008) and Stahlec-
ker et al. (2009). GCI is estimated for three different criteria namely
nominal stress–nominal strain, maximum true compressive stress
and contact half width with coefﬁcient friction 0.2. For nominal
stress at 40% nominal strain, using three levels of mesh (108, 84,
and 60) a GCI of 0.02% and 0.4% is estimated for the ﬁne and coarse
mesh respectively. For maximum true compressive stress at a
nominal strain of 40% a GCI of 0.6% and 2% is estimated for the ﬁne
and coarse mesh respectively. Similarly for contact half width at a
nominal strain of 40% a GCI of 3% and 7% is estimated for the ﬁne
and coarse mesh respectively. Contact half width predicted by the
simulations are effectively step changes based on the mesh size
(compared to the nominal stress based on applied load) as shown
in Fig. 7 and hence exhibit relatively higher error. It is noted that
contact width depends on the number of elements on the periph-
ery of the ﬁber and in some cases the number of elements on the
periphery remain the same with mesh reﬁnement (although areaFig. 6. Mesh convergence study maximum true cof the element decreases) as seen in Fig. 7(a) for 60, 84 and 108 ele-
ments. In general the computed solutions are within the asymp-
totic range of convergence. The bound for the numerical contact
width for three levels of mesh (60, 84 and 108) is estimated by lin-
early connecting the step changes as shown in Fig. 8(a). For clarity
the contact width bounds for 84 elements is shown in Fig. 8(b).
This study indicates the dominating role of contact width com-
pared to other two criteria. For 84 elements, GCI is 0.4%, 2% and
7% for nominal stress–nominal strain, maximum true compressive
stress and contact width respectively. Based on the mesh conver-
gence study using GCI and order of convergence for contact half
width criteria, a mesh with 84 elements for the ﬁber cross section
is used in all the simulation for further study.
The simulated response shown in Fig. 9(a) indicates a reason-
ably good agreement with the experimental and analytical results
in the small strain regime, strains less than 10%. Furthermore the
comparison indicates the dominant role of geometric stiffening
(b/r approximately 85% at 45% nominal strain) at ﬁnite strains
due to growth in contact width and the importance of including ﬁ-
nite strains (vs. the small strain analytical solution). Any softening
present in the experimental results do not appear signiﬁcant over
this strain range when compared to the model results. Althoughompressive stress (a) with l = 0.2 (b) l = 0.0.
Fig. 7. Mesh convergence study contact half width (a) with l = 0.2 (b) l = 0.0.
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were not reported (Cheng et al., 2004), the difference between
the model and the experimental curve is considered small. The
nominal stress strain behavior is weakly dependent on the friction
coefﬁcient between the ﬁber and platen as shown in Fig. 9(b). The
evolution of ﬁber cross section at various strain levels is shown in
Fig. 10(a) and the predicted contact half width corresponding to
curve ‘FEA–Hyperelastic’ in Fig. 9(a) is in reasonable agreement
with contact half width computed from Eq. (3) as shown in
Fig. 10(b).
The experimental nominal stress–nominal strain response stiff-
ens around a nominal strain of 0.40 compared to the FEA result as
shown in Fig. 9. Fig. 11 shows the stress state of the ﬁber under
transverse compression at a nominal strain of 0.41. Gradients of
stresses along the contact zone and also along the direction of
loading are observed from the stress contours. The maximum nor-
mal compressive stresses (direction 2) occur at the point of contact
between the platen and ﬁber and the stresses are negligibly small
away from the contact zone. The true compressive stress in the
contact zone is about 54% higher than the nominal stress. The nor-
mal stresses perpendicular to the direction (direction 1) of loading
as shown in Fig. 11(c) are compressive at the contact zone andFig. 8. Mesh convergence study bounds for contact half wbecome tensile at the center of the ﬁber due to Poisson’s effect.
The contours of true strains predicted by the simulation at a nom-
inal strain of 0.41 are shown in Fig. 12. The true compressive strain
in the contact zone is about 30% higher than the nominal strain.
The maximum true strain level is about 0.72 at a nominal strain
of 0.52. This becomes an important consideration for predicting
damage initiation inside the ﬁber and further failure.
The total-Lagrangian-based material model provides relatively
good correlation to experimental data under monotonic loading
conditions (i.e. load–deﬂection) over the full loading response up
to approximately 45% nominal strain. The accuracy at higher
strains is not known and it was also not possible to validate contact
area predictions since this data was not reported (Cheng et al.,
2004). However this total-Lagrangian-based model does have lim-
itations. It does not account for material nonlinearity, damage and
large residual strain that may exist after unloading associated with
inelastic behavior. This is an important topic for future studies.
However the results presented can be used to assess the impor-
tance of transverse ﬁber loading on energy absorption. McAllister
et al. (2013) showed that speciﬁc energy absorption (per unit
length) of Kevlar KM2 ﬁbers subjected to quasi-static transverse
compression (at about 30% strain) is approximately 40% of theidth (a) for 60, 84 and 108 elements (b) 84 elements.
Fig. 9. Simulation results using 84 elements (a) nominal stress–strain with l = 0.2 (b) sensitivity to friction.
Fig. 10. Fiber cross section with l = 0.2 (a) evolution (b) comparison of contact half width b.
Fig. 11. True stress (GPa) state at nominal strain 0.41 (0.46 GPa nominal stress) (a) compressive (2) (b) shear (1–2) (c) normal (1).
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associated with transverse compression during the loading phase
can be computed by integrating the primary loading portion of
the experimental nominal stress–nominal strain curve (i.e. areaunder the force–deﬂection curve) and compared to the strain en-
ergy density in the ﬁber direction at incipient tensile failure. Using
the properties for 600 denier Kevlar KM2 (strength 3.4 GPa, failure
strain 3.55% and modulus 82.6 GPa) listed in Table 1 (Kim et al.,
Fig. 12. True strain at nominal stress 0.46 GPa (0.41 nominal strain) (a) compressive (2) (b) shear (1–2) (c) normal (1).
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sion under the boundary conditions considered above is one order
of magnitude higher than in the ﬁber direction. While these SFTCR
boundary conditions may not apply directly to the ballistic impact
of a woven fabric, the results clearly indicate the need for further
study of ﬁber–ﬁber interactions within a tow loaded transversely
as a potentially signiﬁcant source of energy absorption.
In the next section, the results of the SFTCR are used to study
the transverse loading of a tow comprised of 400 ﬁlaments.3. Tow transverse compression response (TTCR)
3.1. Finite element analysis for TTCR
A 2D plane strain FE model with multiple ﬁbers is considered to
understand the ﬁber–ﬁber contact and frictional interactions sub-
jected to ﬁnite transverse strains which have not been reported in
the literature. The micrograph of a 600 denier Kevlar KM2 tow/
yarn from the plain-weave fabric shown in Fig. 1 indicates a some-
what random distribution of the 400 ﬁbers. The cross section of the
yarn can be approximated as an ellipse with major and minor axis
as 0.540 and 0.115 mm respectively. The half symmetric FE model
of a yarn shown in Fig. 13 is constructed by assuming a hexagonal
closed packing of 400 circular ﬁbers of diameter 12 lm with each
ﬁber modeled with the same discretization and analysis parame-
ters used in SFTCR (84 fully integrated 2D elements). The ﬁbers
are spatially arranged starting from the major axis of the ellipse
and then placing rows of ﬁbers above and below them. The vertical
centerline distance between the rows is equal to
p
3R for a maxi-
mum ﬁber volume fraction (VF) of 0.907. Initial simulations with
rectangular rigid platens resulted in excessive spreading of the ﬁ-
bers that would not be possible given the constraints of adjacentFig. 13. TTCR half symmetric Forthogonal tows in a woven fabric. To get more realistic results,
the constraints of adjacent tows on spreading are modeled with ri-
gid tows with a sinusoidal shape based on the woven fabric archi-
tecture. The yarn centerline geometry is described by
y ¼ t2 cos pspan
 
with thickness and span as 0.115 and 0.747 mm
respectively (Nilakantan et al., 2011). A 2D single surface contact
is deﬁned to consider contact interactions between the ﬁbers with
a coefﬁcient of friction of 0.2. While the lower platen is ﬁxed
in space the upper platen is prescribed with a constant velocity
of 5 lm/s to compress the ﬁber tow. The typical run time using
12 cpu cores is about 3 h and 30 min. The ﬁbers are modeled
with the same total-Lagrangian-based material model for the
ﬁnite strain response and same properties as used in the SFTCR
model.
The micrograph of a yarn cross section obtained from a
mechanically compacted Kevlar S706 (KM2 ﬁber) fabric at a nom-
inal stress of 28 MPa and a nominal strain of 24% is shown in
Fig. 14(a). Nominal strain is deﬁned as the cross head displacement
divided the nominal fabric thickness (fabric consisting of two tows
compressed between ﬂat platens). Apparent strain in the model is
deﬁned as the sinusoidal platen displacement divided by the thick-
ness of one tow (minor axis of the elliptical cross section) which is
0.115 mm. Measurements made on tow images at different loca-
tions of the fabric before (major axis 0.610 mm) and after (major
axis 0.75 mm) compaction indicated large extent of ﬁber spreading
due to contact interactions. Close examination of the micrograph
show signiﬁcant deformation of individual ﬁbers with multiple
contact areas present around the surface. These preliminary exper-
imental results clearly show the importance of ﬁlament level mod-
eling within a tow where spreading, ﬁnite strain and contact are
important mechanisms of deformation that require modeling at
this length scale.E model and ﬁber packing.
Fig. 14. Qualitative comparison at 24% nominal strain (a) micrograph of a Kevlar KM2 yarn cross section obtained after mechanical compaction of fabric (b) deformed
conﬁguration.
Fig. 15. TTCR deformed conﬁguration at apparent strain 30%.
2512 S. Sockalingam et al. / International Journal of Solids and Structures 51 (2014) 2504–2517It should be noted that experiment is conducted on a plain-
weave fabric with undulating yarns which is more compliant (dif-
ferent loading path along the direction of loading) compared to the
2D model that considers only a cross section of the ﬁbers and
inherently assumes straight ﬁbers. Therefore correlations are lim-
ited to the qualitative comparison of contact interactions, spread-
ing and deformation of individual ﬁbers to the experimental
micrograph at 24% nominal strains as shown in Fig. 14(b). The de-
formed conﬁguration of the tow comprised of 400 ﬁbers at an
apparent strain of 30% is shown in Fig. 15.Fig. 16. TTCR predicted (a) force displacementThe predicted force displacement response of the tow model
with multiple ﬁbers is shown in Fig. 16. The ﬁbers located near
the tow platens in the direction of loading and away from the line
of symmetry (where the distance between the platens reduce mov-
ing away from the line of symmetry) are loaded initially. During
the initial loading up to a platen displacement of about 15 lm
the ﬁbers spread and rearrange spatially with little ﬁber deforma-
tion. The spatial rearrangement with moderate loading continues
until about 29 lm platen displacement. Further loading deforms
the ﬁbers signiﬁcantly indicated by both Fig. 15(b) and the rapid
increase in force observed in Fig. 16. The outermost ﬁbers ﬂatten
and conform to the shape of the tow platen resulting in maximum
engineering shear strains of about 0.30 in this example. The origi-
nally circular ﬁbers directly underneath the platens deforms to an
irregular polygon whereas the ﬁbers in the central region deforms
to an approximately regular polygon (hexagon). Clearly, the mod-
els also prove that ﬁber–ﬁber contact plays a signiﬁcant role in
the spreading and deformation of the individual ﬁlaments.
The contours of true stress and strain in the 2-direction at an
apparent strain of 31% are shown in Fig. 17 (the one ﬁber undergo-
ing excessive deformation at the left end of the tow is removed incurve (b) apparent stress–apparent strain.
Fig. 17. True stress–strain in 2-direction at apparent strain 31% (a) stress (MPa) (b) strain.
Fig. 18. Contact width at apparent strain (a) 0% (b) 20% (c) 31%.
Fig. 19. TTCR sensitivity of coefﬁcient of friction between the ﬁbers.
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within individual ﬁbers are quite complex ranging from 1078
to +63.5 MPa and 70% to +5% respectively as the ﬁbers are loaded
to different extents based on their spatial location. The local ﬁber
VF deﬁned as the area of the ﬁbers inside the triangle (see
Fig. 13(b)) divided by the area of the triangle is initially 0.907.
The local ﬁber VF predicted by the model at 30% apparent strain
is approximately 0.950. Under very high compressive loading the
zoomed in image of the experimental micrograph also indicate
similar high VF. However the area of all the ﬁbers and the area of
ellipse circumscribing the ﬁbers, decrease monotonically under
compressive strains. The global ﬁber VF calculated as the ratio of
the area of all ﬁbers to the area of the ellipse falls within the range
of 0.81–0.86.
The very high strains occur within the ﬁbers located at the left
end of the tow where the distance between the platens is mini-
mum after which the simulation becomes unstable (at a nominal
strain of around 0.35). These results clearly show the limitations
of ﬁlament level models published in the literature (Grujicic
et al., 2012; Wang et al., 2010) based on rod and beam elements
that are incapable of capturing this level of ﬁber spreading and
cross sectional deformation detail or the internal stress state in
the individual ﬁbers that can lead to progressive failure. For in-
stance in the digital element approach (DEA) using rod elements
(Wang et al., 2010), ﬁber to ﬁber compression is accounted by a
contact algorithm wherein the transverse modulus of the ﬁber is
used to compute the contact stiffness. While this approach maybe effective in eliminating interpenetrations it does not account
for the Poisson’s ratio effect in the plane of the isotropy and evolu-
tion of a large contact width observed experimentally (Lim et al.,
2011). The DEA also do not consider longitudinal shear properties
of the ﬁber which can play a role in the failure response of the ﬁ-
bers (Ha-Minh et al., 2012). The evolutions of contact width pre-
dicted by the simulation between two ﬁbers (the top ﬁber
located at 24 lm from the line of symmetry and 19 lm from the
top platen) at different apparent strains are shown in Fig. 18. The
contact force becomes a function of the evolving nonlinear growth
in contact width. These results also provide insight into the mini-
mum level of mesh reﬁnement required to capture deformation
gradients and contact interactions in 2D and 3Dmodels (e.g. a min-
imum of 84 elements in the cross section are required).
The sensitivity of friction between the ﬁbers is studied by
choosing a small and a high value of the coefﬁcient of friction
and the predicted force displacement curves are shown in
Fig. 19. The numerical predictions indicate there may be a depen-
dence on the friction coefﬁcient in the ﬁnite strain regime with a
higher force required to compress the ﬁbers with larger friction
coefﬁcient.
Fig. 20. Contours of compressive strains at 324 m/s impact.
2514 S. Sockalingam et al. / International Journal of Solids and Structures 51 (2014) 2504–2517Since multi-axial stress states of the ﬁber is expected under HVI
conditions, Cheng et al. (2004) investigated the response of Kevlar
KM2 ﬁbers for bi-axial loading conditions by conducting both lon-
gitudinal tensile tests after transverse compression and transverse
compression tests after longitudinal tension. They reported insig-
niﬁcant degradation of tensile strength after transversely com-
pressing the ﬁbers to a nominal strain of 0.48. In a later study
(Lim et al., 2011) reported a reduction of about 10% tensile strengthfor Kevlar and Kevlar 129 ﬁbers after transversely compressed to
about 80% of the ﬁber diameter. They also reported a signiﬁcant
50% reduction in tensile strength for imperfectly compressed ﬁbers
due to misaligned grips. During HVI conditions, transverse loads
may be even higher than those considered in this study (limited
by numerical instabilities at nominal strains greater than 45%).
To further explain the importance of transverse loading, the
model described in Fig. 13 is used to conduct high velocity impact
Table 2
Orthotropic properties of Kevlar KM2 yarn (moduli in GPa).
E1 E2 E3 G12 G23 G13 m21 m32 m31
A (Rao et al., 2009b) 0.62 0.62 62.0 0.126 0.126 0.126 0.0 0.0 0.0
B 0.30 0.30 62.0 0.126 0.126 0.126 0.0 0.0 0.0
C 0.62 0.62 62.0 0.050 0.050 50.0 0.0 0.0 0.0
D (Cheng et al., 2005) 1.34 1.34 84.62 0.540 24.4 24.4 0.24 0.6 0.6
Fig. 21. TTCR (a) homogenized yarn model (b) overlay of homogenized yarn and
400-ﬁber models.
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Song et al. (2011). The governing explicit time step is 7.48e5 ls
which is sufﬁciently small to capture wave propagation through
the ﬁber array. During this short time scale, very little spreading
occurs.
The studies indicate signiﬁcant transverse strains in ﬁbers
underneath the impactor that depends on the impact velocity.
The ﬁbers located at the top of the tow undergo signiﬁcant defor-
mations upon impact and propagate through the tow. The contours
of transverse compressive strains for 324 m/s impact are shown in
Fig. 20. The strains in the ﬁbers vary spatially with peak values of
53%. The results show the importance of using ﬁnite strain consti-
tutive model to predict stress/strain and contact area accurately.
Therefore given the above results for high velocity impact and
the energy absorption reported in McAllister et al. (2013), both
transverse compression and axial tension modes of deformation
are equally important to understand the material response under
the impactor. Post impact experimental failure analysis of single
ply Twaron CT 716 plain-woven fabric reported in Tan et al.
(2003) indicates signiﬁcant spreading and ﬂattening of ﬁbers underFig. 22. TTCR (a) homogenized yarprojectiles. These results indicate that individual ﬁbers within a
tow loaded transversely will spread and be subjected to very high
transverse strains. Each ﬁlament will be loaded to different levels
of multi-axial loading based on location and degree of ﬁber–ﬁber
contact and each ﬁlament may exhibit a reduction in tensile
strength leading to progressive failure of the individual ﬁbers with-
in the tow.4. Homogenized yarn FE model
Meso-scale level homogenized yarn models are widely used in
the literature for modeling impact onto the Kevlar fabrics as dis-
cussed in the introduction section. These models utilize trans-
versely isotropic behavior assuming the transverse elastic and
shear moduli to be very small compared to the longitudinal mod-
ulus with all the Poisson’s ratios set to zero. However some textile
fabric compaction models in the literature consider nonlinear
behavior for transverse compression. Shahkarami and Vaziri
(2007) used experimental fabric compression data to indirectly
calculate the yarn transverse behavior. Sirtautas et al. (2013) used
nonlinear elastic behavior for transverse compression at meso-
scopic level to model fabric draping. Lin et al. (2008) modeled
the plain weave fabric compression of glass ﬁbers using a unit cell
approach with periodic boundary conditions. They modeled the
material nonlinearity in the transverse plane with a power law
concluding that nonlinear transverse yarn stiffness and trans-
verse–longitudinal shear modulus control the fabric compression.
They also noted the limitations of the homogenized approach
being not able to capture the deformation mechanisms at the ﬁber
level. In this section, the 400 ﬁlament level tow model is compared
to the homogenized yarn level models used in the literature. In
addition, the feasibility of using the ﬁlament level model to deﬁne
the homogenous yarn level response is considered.
Here we model the transverse compression of homogenized
yarn assuming elliptical cross section with the material propertiesn model (b) parametric study.
Fig. 23. TTCR (a) apparent stress–strain 400-ﬁber model (b) apparent Poisson’s ratio.
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respect to the material coordinate system in our study. The FE
model of the homogenized yarn is shown in Fig. 21(a) with the
same sinusoidal shaped rigid platens as the 400-ﬁber model.
Approximately the same mesh size as the 400-ﬁber model is used
for the yarn model (27,000 elements for the yarn cross section).
The 400 ﬁbers are overlayed onto the homogenized model in
Fig. 21(b). The ﬁgure illustrates that the contact before loading
and the development of contact zones cannot be the same during
loading between the models. With that said comparison of force
displacement response between the two models is shown in
Fig. 22(a).
The force displacement curve predicted by the 400-ﬁber model
is highly nonlinear compared to the homogenized yarn model (as-
sumed linear response) due to ﬁber spreading and the contact
interaction (friction and ﬁber–ﬁber compression) between the ﬁ-
bers and differences in the evolution of the contact zone. The effect
of material properties on the transverse compression response of
the homogenized yarn model is parametrically studied using the
properties listed in Table 2. Curve D in Fig. 22(b) shows the re-
sponse wherein the properties of the single ﬁber are used for the
homogenous yarn to represent a theoretical upper bound. Curve
A corresponds to the properties from the literature shown in Ta-
ble 2, curves B and C represent reduced Young’s modulus (E1 and
E2) and shear modulus (G12) of the ﬁber. Comparing curves A and
C we observe that response is relatively insensitive to the change
in shear modulus whereas reducing the Young’s modulus signiﬁ-
cantly affects the response (curves A and B). Curve B compares rea-
sonably well with the response of 400-ﬁber model (400-ﬁber with
properties D) for about 25 lm platen displacement after which
they deviate signiﬁcantly. These results show that the actual re-
sponse is nonlinear vs. linear as commonly assumed in the litera-
ture in the case of impact loading. Furthermore, if one wishes to
use the linear approximation, the choice of effective modulus is
not arbitrary but should be based on the ﬁlament level over a spe-
ciﬁc range of strain. Consequently, the low transverse moduli used
to describe homogenized tow in the literature (Rao et al., 2009b)
are not accurately capturing the transverse loading response of
the fabrics. This study shows that a nonlinear material model for
the homogenized yarn is needed to accurately capture the trans-
verse compression response and based on Fig. 19 the material
model will be a function of ﬁnite strain response of the ﬁlament,
level of spreading and ﬁlament level friction.
Alternately, the apparent stress–strain response of the 400-ﬁber
model can be used to deﬁne the effective homogenized yarnresponse. Apparent stress is deﬁned as force per unit length di-
vided by the major axis of the elliptical cross section which is
0.540 mm. The response is shown in Fig. 23(a). The nonlinear
apparent Poisson’s ratio for the homogeneous tow model may also
be determined using the ratio of apparent transverse and normal
strains along the major and minor axes of the elliptical cross sec-
tion as shown in Fig. 23(b). An apparent Poisson’s ratio ranging
from 0.17 to 0.74 is computed in this study. The increase is due
to initial spreading and then reduces as further spreading is con-
strained by the fabric architecture and evolution of ﬁber–ﬁber con-
tact and associated ﬁber deformations. The assumption of zero
Poisson’s ratio in the literature is not justiﬁed.
It is important to note that this approach realistically combines
frictional interactions and material response into a single curve
and is an improvement over the approaches taken in the literature
for multi-scale modeling of fabrics using homogenized tows. How-
ever, important information at lower length scales is lost. For
example, all homogenized approaches do not provide realistic
stress and strain results within the individual ﬁbers which vary
signiﬁcantly based on ﬁlament location (see Fig. 17). Tow failure
will likely undergo progressive failure of individual ﬁbers before
catastrophic failure of the entire tow. In this regard, ﬁlament level
modeling is required.5. Conclusions
The transverse material properties of hierarchical ﬂexible wo-
ven fabrics used in ballistic impact applications represent signiﬁ-
cant energy absorption and load transfer mechanisms. This is
studied systematically at the fundamental level by considering
the single ﬁber and tow response in transverse compression. The
SFTCR of Kevlar KM2 in the ﬁnite strain regime is modeled using
FE method in this work. A ﬁnite strain (total-Lagrangian-based)
formulation is required to predict ﬁnite deformations observed
experimentally. A minimum of 84 elements is determined to be re-
quired to accurately predict the SFTCR through a mesh conver-
gence study in terms of nominal stress–nominal strain,
maximum true compressive stress and contact width. The pre-
dicted SFTCR agrees well with the analytical and experimental re-
sults in the small strain regime. The contact width predicted by the
FE model is in reasonable agreement with the contact width
computed using the analytical model in the small strain regime.
Comparison of converged numerical solution to the experimental
results indicates the dominant role of geometric stiffening
S. Sockalingam et al. / International Journal of Solids and Structures 51 (2014) 2504–2517 2517compared to material softening at ﬁnite strains due to growth in
contact width. However future studies must consider material
nonlinearity, damage and large residual strain on unloading asso-
ciated with energy absorption. The true compressive stresses and
strains are about 54% and 30% higher than their nominal counter-
parts at a nominal strain of 0.41 which are important in predicting
damage initiation and failure inside the ﬁber. The TTCR is modeled
by considering all the 400 individual ﬁbers with sinusoidal shaped
rigid tows to represent the constraints of the adjacent orthogonal
tows in a woven fabric. It was shown that this model can capture
the large spreading of ﬁbers within the tow, frictional contact
interactions and ﬁber–ﬁber compression. Fiber–ﬁber contact plays
a signiﬁcant role in the spreading, frictional interactions and defor-
mation of individual ﬁbers as indicated by both the simulation and
micrographs of compacted yarn cross section. The ﬁber level tow
model also provides insight into the deformation of the originally
circular ﬁbers to polygons under ﬁnite strains capturing the com-
plex stress distribution within the tow. A homogenized yarn model
which is typically used in HVI simulations is also used to study the
TTCR with properties from the literature. Comparison of TTCR be-
tween the 400-ﬁber and homogenized models indicate the need
for a nonlinear material model to be used for the homogenized ap-
proach to accurately capture the transverse compression response.
The limitations of previous ﬁlament level modeling approaches are
identiﬁed. This study is a ﬁrst step in developing accurate material
models for multi-axial loading conditions typically encountered in
a HVI event.
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